The shoot meristem is a group of self-perpetuating cells that ultimately gives rise to the aerial parts of plants. The Arabidopsis thaliana SHOOT MERISTEMLESS ( STM ) gene, which encodes a knotted1-like homeobox transcription factor, is required for shoot meristem formation and maintenance, and loss-of-function mutations in the gene result in complete loss or premature termination of the shoot meristem. Here, we report a novel missense allele of STM , gorgon ( gor ), which displays striking differences in shoot meristem defects compared with known stm alleles. The gor phenotype results from substitution of the highly conserved arginine at position 53 of the homeodomain, which is important for DNA binding in other homeodomain proteins. In gor , the shoot meristem enlarges continuously during post-embryonic development and the fl oral meristems frequently develop additional whorls. These phenotypes, together with enlarged expression domains of meristem markers, indicate that the mutation affects shoot meristem activity in the opposite direction to other loss-of-function alleles. However, detailed genetic analyses and overexpression studies indicate that gor represents a novel type of hypomorphic alleles rather than the hypermorph that is suggested by the phenotype. Consistently, the gor allele strictly requires the functional PENNYWISE ( PNY ) gene, which encodes a known binding partner of the STM protein, to maintain shoot meristem activity, whereas the wild-type allele effi ciently maintains the meristem even in the absence of PNY . Our results suggest a critical role for Arg53 of the homeodomain in STM function and that the gor mutation at this residue impairs shoot meristem homeostasis.
Introduction
In higher plants, nearly all above-ground organs are produced during post-embryonic development by the activity of the shoot meristem, a group of mitotic and pluripotent cells located at the tip of the shoot. Meristem function is maintained by a tightly controlled balance between proliferation of the stem cells in the central zone and the differentiation of the organ primordia in the peripheral zone ( Clark 1997 , Sharma et al. 2003 . Previous studies of Arabidopsis thaliana have shown that the size of the stem cell population in the shoot meristem is maintained by a regulatory feedback loop formed by the transcription factor WUSCHEL (WUS) and the CLAVATA (CLV) signaling pathway ( Mayer et al. 1998 , Fletcher et al. 1999 , Brand et al. 2000 Schoof et al. 2000 ) . On the other hand, the SHOOT MERISTEMLESS ( STM ) gene regulates an essential pathway(s) involved in the formation and maintenance of the shoot meristem ( Hake et al. 2004 , Hay and Tsiantis 2009 ) .
STM encodes a class I kn otted-like homeob ox (KNOX) protein and is expressed throughout the shoot meristem, but not in incipient organ primordia Poethig 1993 , Long et al. 1996 ) . Strong loss-of-function alleles of STM cause a failure in the initiation of the shoot meristem during embryogenesis and these mutants rarely form leaves. Weak stm alleles are able to form an embryonic shoot meristem, but fail to maintain this structure after germination because the cells in the meristem are rapidly incorporated into the organ primordia ( Endrizzi et al. 1996 ) . The ectopic expression of STM in leaves results in a prolonged cell proliferation as well as in perturbation of differentiation ( Williams 1998 , Brand et al. 2002 , Gallois et al. 2002 , Lenhard et al. 2002 . These observations indicate that STM is required for the formation and the maintenance of shoot meristem by promoting the cell proliferation and repressing differentiation.
KNOX proteins belong to the three amino acid loop extension (TALE) class of homeodomain proteins ( Bürglin 1997 ) . This class of transcription factors also includes the BELL1-like (BELL) homeodomain proteins. Studies in algae and land plants demonstrate that the KNOX and BELL proteins physically interact through conserved N-terminal domains ( Bellaoui et al. 2001 , Hake et al. 2004 , Hackbusch et al. 2005 , Lee et al. 2008 . Biochemical studies show that the KNOX and BELL proteins are both able to bind to DNA, and the association of these proteins increases their affi nity for the target DNA sequences ( Smith et al. 2002 , Chen et al. 2004 , Viola and Gonzalez 2006 , Bolduc and Hake 2009 , Viola and Gonzalez 2009 . In Arabidopsis, STM interacts with a subset of BELL proteins including BELL1, PENNYWISE (PNY), POUND-FOOLISH (PNF) and ARA-BIDOPSIS THALIANA HOMEOBOX1 (ATH1) ( Bellaoui et al. 2001 , Byrne et al. 2003 , Smith and Hake 2003 , Hackbusch et al. 2005 , Kanrar et al. 2006 , Rutjens et al. 2009 ). Genetic and biochemical studies indicate that STM-PNY and STM-ATH1 complexes regulate meristem maintenance ( Byrne et al. 2003 , Bhatt et al. 2004 , Kanrar et al. 2006 , Rutjens et al. 2009 ). During reproductive development, association of STM with PNY and PNF is crucial for regulating infl orescence and fl oral patterning events ( Byrne et al. 2003 , Bhatt et al. 2004 , Kanrar et al. 2006 .
In this study, we isolated a novel STM allele called gorgon ( gor ), which causes an amino acid substitution in the homeodomain. In contrast to previously reported loss-of-function alleles, the shoot meristem continuously expands throughout post-embryonic development in gor mutants. Consistent with this phenotype, the expression domains of major shoot meristem regulators, such as WUS and CLV3 , are expanded in the shoot apex of gor . Moreover, the expression domain of STM is also expanded into the submeristematic zone. Yeast two-hybrid (Y2H) assays indicated that the STM protein carrying the gor mutation (STM gor ) maintains its ability to interact with the PNY protein. Interestingly, gor pny double mutants display loss or frequent termination of shoot meristem activity, similar to loss-of-function mutants of STM , indicating that the function of the STM gor protein to promote meristem activity is dependent on PNY. The gor allele thus represents a unique mutation that severely alters the STM function in a manner different from that of known loss-of-function mutations, resulting in the disruption of shoot meristem homeostasis.
Results

The gor mutation causes overaccumulation of the shoot meristem cells and impairs fl oral meristem termination
The recessive gor mutant was identifi ed based on a striking 'snake hair' appearance of the infl orescence, which resembles Gorgon, a creature described in Greek mythology (see below). Because gor plants rarely produced seeds, we maintained the mutant as heterozygotes.
During reproductive development, wild-type plants initiated a typical raceme infl orescence, in which the shoot meristem initially produced 3-4 cauline leaves with axillary shoots and then numerous fl owers ( Fig. 1A ) . In contrast, gor mutants developed a highly expanded shoot apex that produces numerous pin-shaped organs instead of fl owers ( Fig. 1B ) . Later, when the stem length has reached about 35 cm, the expanded apex initiated numerous fl ower-like structures and branches almost simultaneously, resulting in the snake-hair-like infl orescence ( Fig. 1D, E ). In addition to this phenotype, the gor mutant frequently failed to produce branches from the axils of the rosette and cauline leaves ( Fig. 1C ) .
To gain further insight into the gor phenotype, the infl orescence shoot was examined early at a time in which the reproductive shoot was 2-3 cm in height. In the wild type, the infl orescence meristem produced fl owers on its fl anks in a spiral phyllotaxis ( Fig. 1F ). However, in the shoot apex of gor plants, the central region, which corresponded to the infl orescence meristem, was signifi cantly enlarged compared with the wild type ( Fig. 1G ) . As a result, lateral organs were initiated at positions more distant from the center of the meristem compared with the wild type ( Fig. 1F, G ) . In wild-type shoot meristems, ProCLAVATA3:: β -glucuronidase ( ProCLV3::GUS ) activity marks the stem cells located in the central zone of the meristem ( Supplementary Fig. S1 ; Brand et al. 2002 , Lenhard et al. 2002 . In gor shoot meristems, the domain of ProCLV3::GUS activity laterally expanded, indicating that stem cell homeostasis is disrupted during infl orescence development ( Supplementary Fig. S1 ). In wild-type infl orescences, ProLEAFY::GUS ( ProLFY::GUS ) activity marks initiating fl ower meristems and is absent from the central region of the shoot meristem ( Supplementary Fig. S1 ; Blázquez et al. 1997 ). Similar to the wild type, ProLFY::GUS activity is absent from the central zone, indicating that infl orescence identity is maintained during early stages of gor reproductive development ( Supplementary Fig. S1 ).
During early stages of infl orescence development, gor meristems initiated pin-shaped structures that failed to form fl oral organs ( Fig. 1G ). These structures appeared to maintain fl ower meristem identity as they expressed ProLFY::GUS ( Supplementary Fig. S1 ). Conversely, ProCLV3::GUS activity, which is normally detected in the center of wild-type fl oral meristems, was not observed in the pin-shaped primordia of gor ( Supplementary Fig. S1 ). Because the expression of CLV3 marks stem cells ( Brand et al. 2000 , Reddy and Meyerowitz 2005 ) , we propose that the pin-shaped primordia fail to re-establish a stem cell population in developing fl ower meristems. Therefore, the pin-like structures fail to form any fl oral organs.
We next examined the apex of gor during the late reproductive phase. As stem elongation continues, the central region of the gor shoot meristem initiates numerous bulges with irregular size and shape, which give rise to fl owers or branches ( Supplementary Fig. S2 ). These results indicate that the expanded shoot meristem of gor is not maintained in the late reproductive phase and eventually differentiates, forming numerous fl oral and branch meristems.
We then examined the mutant fl owers in detail. In the wild type, the fl oral meristems sequentially form whorls of sepals, petals, stamens and carpels, and the meristem activity ceases during carpel specifi cation (Lenhard et al. 2001 , Lohmann et al. 2001 . Two congenitally fused carpels are eventually formed in the central whorl as a terminal structure of the fl ower ( Fig. 1H ). In contrast, the fl oral meristems in gor typically formed unfused carpels ( Fig. 1I ) . Moreover, the fl oral meristems displayed an indeterminate-like pattern of growth, in which the fl oral meristems formed extra fl owers or fl oral organs from additional whorls inside the unfused carpels ( Fig. 1I ).
Taken together, reproductive development in gor can be divided into two phases, each characterized by the distinct developmental patterns. In the early phase, the gor mutant overaccumulates meristematic cells in the center of the apex, while it fails to develop normal fl ower and branch primordia at the periphery. In the later phase, the expanded mutant meristem differentiates and produces numerous fl owers and branches simultaneously. In addition, gor fl owers form extra fl oral organs inside the carpels, suggesting a failure of the proper termination of fl oral meristems.
Expansion of the shoot meristem begins post-embryonically in gor
To trace the origin of the expanded shoot meristem phenotype, we next examined gor shoot apices during the vegetative development. The overall appearance including the size, shape and arrangement of the leaves was normal in gor ( Fig. 1J, L ; Supplementary Fig. S3 ). However, examination of the young shoot apices in cleared whole-mount samples (data not shown) or by confocal microscopy revealed that the gor mutant developed a signifi cantly larger shoot meristem than that of the wild type ( Fig. 1K, M ) . In optical sections of gor apices at 4 days after germination (DAG), the area of the small cytoplasmic cells that comprised the shoot meristem was twice as large as that of the wild type, whereas the area of the fi rst leaf primordium of gor was only approximately two-thirds the size of that in the wild type ( Fig. 1N ; measured area is shown in Supplementary  Fig. S3 ; see Materials and Methods). To investigate the timing of gor shoot meristem enlargement, we examined mature embryos. In our analysis, morphological differences in the shoot meristems of embryos derived from plants heterozygous for gor ( gor / + ) were not detected ( n = 45; data not shown). Moreover, the patterns of the shoot meristem-specifi c marker ProSTM::GUS in embryos developing in gor / + parent plants showed no deviation at the heart ( n = 24) or the bending cotyledon ( n = 23) stages (data not shown). These results indicate that the defect in the shoot meristem occurs during postembryonic development.
gor is a missense mutation in the STM gene and is recessive to the wild-type allele To gain insight into the molecular nature of gor , we mapped the mutation and found that it is located on chromosome 1 near the STM gene. Sequence analysis identifi ed a missense mutation in the coding sequence of STM [ Fig. 2A ; G to A conversion at nucleotide 1,016 ( G1016A )]. No additional mutations were found within the region spanning from 7.6 kb upstream to 0.8 kb downstream from the coding region. The G1016A mutation causes an amino acid substitution in the homeodomain, from arginine at position 339 to lysine ( Fig. 2B ) .
A number of loss-of-function alleles of STM have been previously reported. However, in contrast to gor , these mutants display severe reduction in the size and activity of the shoot meristem and hence developmental arrest after the production of a few leaves following germination ( Barton and Poethig 1993 , Endrizzi et al. 1996 , Long and Barton 1998 , Jasinski et al. 2005 , Kanrar et al. 2006 . To test whether the G1016A mutation in STM is the cause of the gor phenotype, we fi rst carried out an allelism test.
We crossed gor / + with bum1-3 / + , a weak allele of stm , and analyzed the F 1 plants that carried both mutations ( G1016A / bum1-3 ). In contrast to bum1-3 homozygotes showing a transient developmental arrest after forming a few leaves ( Fig. 3A ) , the F 1 plants continuously produced leaves with normal phyllotaxis as observed in gor or in the wild type ( Fig. 3B ). This result indicates that the shoot meristem is maintained in these F 1 plants and that the STM allele with the G1016A mutation is dominant to bum1-3 . In the reproductive phase, bum1-3 homozygotes had a bushy appearance with disorganized phyllotaxis ( Fig. 3C ) and produced fl owers that lacked carpels ( Fig. 3E ), as previously reported for other weak alleles of stm ( Endrizzi et al. 1996 ) . In contrast, the G1016A / bum1-3 plants developed a highly expanded primary infl orescence apex with a few cauline leaves and numerous pin-shaped organs, and some of the cauline leaves lacked lateral branches at their axils ( Fig. 3D ). Shortly thereafter, the shoot apices simultaneously produced fl owers with unfused carpels, and extra fl owers or fl oral organs were occasionally formed from the centers of these carpels ( Fig. 3F ). These morphological abnormalities closely resembled those of the homozygous gor mutant, showing that the haploid genome derived from bum1-3 was insuffi cient to complement the gor phenotype during the reproductive phase. Considering that the gor mutation is recessive to the wild-type STM allele, this result strongly indicates that gor and bum1-3 are allelic and the G1016A mutation is the cause of the gor phenotype.
We next examined whether a wild-type STM genomic fragment would complement gor . To this end, a fragment spanning from 4.4 kb upstream to 0.8 kb downstream from the STM coding sequence (the 8.1 kb fragment; note that no additional mutation was found in this region of gor ) was introduced into the heterozygous gor mutant background. Ten independent T 1 plants heterozygous for gor were obtained and the homozygous mutants in each of the T 2 lines were examined. In all lines, we observed plants with completely normal appearance ( Fig. 3G, I ), showing that the 8.1 kb wild-type STM fragment rescues the gor phenotype.
Finally, we tested whether the introduction of the gor mutation in the 8.1 kb STM genomic fragment phenocopies gor mutant plants. In this experiment, we transformed the 8.1 kb fragment into plants heterozygous for stm-1C , a Landsberg erecta (L er )-derived strong loss-of-function allele that had been backcrossed fi ve times to the Columbia (Col) background (see Materials and Methods). Seven independent transgenic lines with the homozygous stm-1C mutation were obtained in either the T 1 (two lines) or the T 2 (fi ve lines) plants and they all developed expanded shoot apices with numerous pin-shaped protrusions, apparent phenocopies of the gor mutant ( Fig. 3H, J ) . On the other hand, transgenic plants carrying the same transgene in the heterozygous stm-1C or wild-type background were indistinguishable from the wild type (data not shown), consistent with the recessive nature of gor to the wild-type allele.
Taken together, these results demonstrate that the missense mutation G1016A in the STM gene is responsible for the gor phenotype. The gor allele thus represents a novel STM allele that results in an opposite shoot meristem phenotype to that of previously known loss-of-function alleles.
The effects of gor on shoot meristem gene expression are signifi cantly different from those of stm-1
To investigate in more detail the differences between the effects of the gor and stm mutations on the shoot meristem, we fi rst analyzed the expression levels of the genes for the major shoot meristem regulators WUS and CLV3, by using quantitative reverse transcription-PCR (qRT-PCR). In gor , the expression levels of both genes were signifi cantly elevated, ranging from 2-to 6.5-fold higher than those in the wild type ( Fig. 4A ). In contrast, the expression of CLV3 in stm-1C was signifi cantly down-regulated ( Fig. 4A ) . WUS expression in stm-1C was highly variable among different experiments, as demonstrated by the large standard deviation, but was signifi cantly higher than in the wild type on average ( Fig. 4A ). This variation may refl ect the irregular and imperfect formation of the shoot meristem and leaves in stm-1C (see Materials and Methods for stm-1C phenotype). We next examined the expression levels of ISOPENTENYLTRANSFERASE7 ( IPT7 ), a gene involved in cytokinin biosynthesis, and ARABIDOPSIS THALIANA GIBBERELLIN 20-OXIDASE 1 ( AtGA20ox1 ), a gene involved in the late steps of the gibberellin biosynthetic pathway. We chose these genes because they are associated with shoot meristem activity and their expression is regulated by STM ( Hay et al. 2002 , Jasinski et al. 2005 , Yanai et al. 2005 . The accumulation of IPT7 and AtGA20ox1 transcripts in gor was only slightly increased relative to that in the wild type ( Fig. 4A ). In contrast, the expression level of AtGA20ox1 was not altered, but that of IPT7 was increased in stm-1C ( Fig. 4A ) . These results further confi rm the unique effect of gor on expression of genes involved in shoot meristem functions.
We then examined the spatial patterns of WUS and CLV3 expression in gor . In the wild-type shoot meristem, WUS is detected in a small group of cells called the organizing center ( Fig. 4B ; Mayer et al. 1998 ) . In gor , on the other hand, WUS was detected in a broader region that expanded laterally and apically compared with the wild type ( Fig. 4C ) . Similarly, the activity of ProCLV3::GUS was detected in a much broader domain in the gor mutant meristems than in those of the wild type ( Fig. 4D, E ) . The expanded expression patterns of WUS and CLV3 were consistent with the results of the qRT-PCR experiments. In contrast, previous reports have shown that the expression of these genes disappears or is signifi cantly reduced in strong loss-of-function mutants of STM ( Mayer et al. 1998 , Brand et al. 2000 .
To investigate whether WUS and CLV3 are functional in gor , we constructed gor wus and gor clv3 double mutants. Shoots of wus-1 , a strong loss-of-function allele, typically terminate after forming the fi rst two leaves ( Supplementary Fig. S4 ; Laux et al. 1996 ) . Subsequently, axillary meristems grow out and terminate after the production of several leaves . In gor wus double mutants, the shoots terminated after germination, but, in contrast to the wus-1 , the double mutant meristem failed to initiate a single leaf ( Supplementary Fig. S4 ). These results indicate that WUS activity is required for continuous leaf formation in gor , whereas the gor mutation eliminates residual activity of leaf production in wus seedling. At 7 DAG, the strong loss-of-function allele clv3-2 produces enlarged shoot meristems (Clark et al. 1993 ) that were typically greater in size compared with gor ( Supplementary Fig. S4 ). On the other hand, the gor clv3-2 shoot meristem was larger and more fasciated than gor and clv3 single mutants ( Supplementary  Fig. S4 ). These results indicate that CLV3 functions to restrict the size of the shoot meristem in the gor mutant background. Taken together, these results indicate that both WUS and CLV3 are still functional in the gor mutant.
The gor allele fails to repress its own expression
Next, we asked whether the gor mutant gene affects its own expression. In qRT-PCR experiments, STM transcripts were increased 3-fold in the gor shoot apices compared with those in the wild type, whereas they were reduced to less than half in stm-1C ( Fig. 4A ). In sections of the wild-type seedlings, STM mRNA was detected widely in the shoot meristem but was excluded from the developing leaf primordia. Faint expression of STM was also detected in the submeristem domain, which was surrounded by vascular strands ( Fig. 4F ) . In contrast, a strong signal of STM expression was detected not only in the meristem but also in the submeristem region in gor ( Fig. 4G ). Similar to the wild type, STM was down-regulated in the leaf primordia in gor plants ( Fig. 4G ). These results demonstrate that the gor mutant fails to repress the expression of STM in the submeristem region. The activity of ProSTM::GUS was also similarly expanded to the submeristem domain in gor ( Fig. 4H, I ), indicating that the altered level of STM transcripts in the submeristem zone was mainly attributable to a change in transcriptional regulation.
The gor allele requires PNY activity to maintain the shoot meristem
Genetic and biochemical studies indicate that the BELL homeodomain protein PNY interacts physically with STM and together this complex regulates meristem maintenance and reproductive patterning events ( Byrne et al. 2003 , Smith and Hake 2003 , Bhatt et al. 2004 , Kanrar et al. 2006 , Rutjens et al. 2009 ). To investigate the effects of gor on the biochemical function of STM, we tested the physical interaction between the STM protein carrying the mutation (STM gor ) and PNY.
To this end, we used a Y2H system, which allows easy detection of the association of STM with PNY ( Byrne et al. 2003 , Bhatt et al. 2004 , Kanrar et al. 2006 , Rutjens et al. 2009 ). Similar to the wild-type protein, STM gor effi ciently interacted with PNY ( Fig. 5A ), indicating that the gor mutation does not impair the ability of STM to interact with PNY.
To test the physiological impact of the gor mutation on the relationship between STM and PNY, we analyzed the gor pny double mutant phenotype. Young seedlings of the null mutant pny-40126 ( Smith and Hake 2003 ) were indistinguishable from those of the wild type as they maintained a well-organized shoot meristem, which developed the fi rst two leaf primordia of equal size ( Fig. 5B , see also Fig. 1K for comparison with the wild type). This primary shoot meristem was maintained to form a rosette that was indistinguishable from that of the wild type ( Fig. 5H, J ) and eventually gave rise to an infl orescence ( Fig. 5L ) . Thus, plants expressing the wild-type STM protein effi ciently maintain functional shoot meristems, even in the absence of PNY. In contrast, the gor pny double mutant displayed a strong defect in shoot meristem formation and maintenance ( Fig. 5C-E ) . Seedlings of gor pny either completely lacked a meristem or developed a reduced number of meristematic cells, which initiated leaf primordia with irregular arrangements and sizes ( Fig. 5C ). In addition, cotyledons of gor pny were partially fused at their base ( Fig. 5F ). The shoots of gor pny terminated after forming several leaves ( Fig. 5G ) . Subsequently, the new leaves were formed from the petioles of pre-existing leaves, resulting in highly disorganized phyllotaxis ( Fig. 5G ). Defects in phyllotaxis and leaf separation were also observed in the stm-1C allele ( Fig. 5I ) . The gor pny double mutant never fl owered and failed to form an elongated infl orescence shoot ( Fig. 5K ). The phenotype of gor pny is very similar to that of the double mutant of the null pny-40126 and the weak stm-10 alleles ( Kanrar et al. 2006 ). These results indicate that, in contrast to the wild-type STM protein, STM gor requires PNY to form and maintain the shoot meristem for continuous and stable leaf production.
Overexpression of the gor allele does not inhibit leaf development
It has previously been reported that the overexpression of STM results in the strong inhibition of leaf development in Arabidopsis ( Williams 1998 , Brand et al. 2002 , Gallois et al. 2002 , Lenhard et al. 2002 . To investigate the effects of the gor mutation on this aspect of the STM function, the gor mutant cDNA ( STM gor ) was placed under the control of the caulifl ower mosaic virus 35S promoter ( Pro35S ) to express this mutant gene ectopically during plant development. For comparisons, we ectopically expressed the cDNA of the wild-type STM gene ( STM wt ) or the gene that contained the nonsense stm-1 mutation ( STM stm-1 ) by placing these genes under the control of Pro35S . The stm-1 mutant gene produces a truncated protein lacking the whole homeodomain and therefore is a strong loss-of-function allele ( Long et al. 1996 , Long and Barton 1998 of phenotypes, one severe (25.0 % , n = 40) and the other mild (75.0 % , n = 40). Seedlings of the severe class were dwarf, had very small cotyledons and produced numerous leaf primordium-like organs at the shoot apex ( Fig. 6A, E ) , whereas those of the mild class had cotyledons with a wider petiole and produced leaves with either strong serration or small and round shape ( Fig. 6B, F ). These two phenotypic classes correlated well with the expression level of STM ( Fig. 6K ) . Importantly, none of these transgenic plants displayed expansion of the shoot apex, as observed in gor , indicating that the gor phenotype cannot be caused by the mere elevated or ectopic expression of the wild-type gene. In contrast, the majority of T 1 plants transformed with Pro35S::STM gor or Pro35S::STM stm-1 showed no obvious seedling phenotype ( Fig. 6C, G, I ; 80.8 % in STM gor , n = 52; 70.6 % in STM stm-1 , n = 17), despite expression levels similar to those in the mild class of STM wt ( Fig. 6K ). This indicates that the gor mutant gene, similarly to stm-1 , was functionally impaired when expressed in leaf cells. The remaining percentage of T 1 plants transformed with Pro35S::STM gor and Pro35S::STM stm-1 terminated shoot growth after the production of several leaves ( Fig. 6H, J ; 19 .2 % in STM gor , n = 52; 29.4 % in STM stm-1 , n = 17), similar to loss-of-function stm mutants. The reason for this phenotype is currently unknown, but one possibility is that the overexpression of the mutant genes under Pro35S causes a dominant-negative effect or gene silencing, which perturbs endogenous STM function.
Discussion
gor is a novel and unique allele of STM and has opposite effects on shoot meristem development to those of known stm alleles
We isolated a novel missense mutant of STM , called gor , which shows a phenotype strikingly different from those of previously reported loss-of-function alleles. All known stm alleles described so far either fail to form the embryonic shoot meristem or only produce reduced numbers of meristematic cells, which are rapidly incorporated into the leaf primordia ( Barton and Poethig 1993 , Endrizzi et al. 1996 , Long et al. 1996 . In contrast, the gor allele can form an embryonic shoot meristem that is initially indistinguishable from that of the wild type. However, during post-embryonic development, the gor shoot meristem continuously enlarges and forms shoot organs without being consumed until the late reproductive phase. A marked difference between the gor and other stm alleles is also found in fl ower development. In the stm mutants, the fl oral meristems often terminate prematurely, before the formation of the innermost organs, resulting in the formation of fl owers lacking carpels ( Barton and Poethig 1993 , Endrizzi et al. 1996 , Long et al. 1996 . In contrast, the fl oral meristems of gor frequently produce extra organs inside the unfused carpels, indicating that the meristematic activity of gor is enhanced compared with that of the wild type. Taken together, our results show that the gor allele is a unique mutant allele of STM that has opposite effects in shoot meristem function to those of previously known loss-of-function alleles.
In gor , STM mRNA is accumulated in the shoot meristem and also in the submeristem zone, while it is excluded from the leaf primordia, suggesting that the gor mutation primarily affects cells in the meristem or in the submeristem zone but not those in leaf primordia. In the wild-type shoot meristem, cells in the central zone maintain their undifferentiated state, whereas those at the periphery become incorporated into organ primordia and differentiate ( Clark 1997 , Sharma et al. 2003 . In gor seedlings, the sizes of the shoot meristem and the expression domains for the central cell markers ProCLV3::GUS and WUS mRNA are signifi cantly increased compared with those of the wild type, whereas the size of the fi rst leaf primordia at 4 DAG is signifi cantly reduced. Considering that the mutant does not show any morphological defect during embryogenesis, these results indicate that the incorporation of the peripheral cells into the leaf primordia is either delayed or reduced so that the central cells overaccumulate in the mutant meristem. The highly enlarged infl orescence apex with strong ProCLV3::GUS activity in the early reproductive phase is also consistent with this hypothesis.
Interestingly, some aspects of the gor phenotype are likely to be caused by reduced, but not enhanced, meristematic activity. For example, gor forms pin-shaped primordia instead of normal fl ower primordia during the early reproductive phase, and these primordia lack ProCLV3::GUS activity, indicating the absence of normal fl oral meristem activity. In addition, gor fails to develop branches from the rosette and cauline leaf axils, indicating that axillary meristem development is perturbed. In Arabidopsis, fl oral meristems are initiated from subsets of cells in the periphery of the primary shoot meristem (Long and Barton 2000) . The origin of axillary meristems is less clear, but a signifi cant body of evidence indicates that the developmental programs required for axillary meristem formation start at the time of leaf initiation in the periphery of the primary meristem ( Greb et al. 2003 , McSteen and Leyser 2005 , Hibara et al. 2006 , Keller et al. 2006 , Müller et al. 2006 , Lee et al. 2009 ). Therefore, one possible explanation for the defects in fl oral and axillary meristem activities in gor is that the incorporation of cells that would otherwise give rise to these secondary meristems from the primary shoot meristem is inhibited due to the mutation, resulting in the block of subsequent fl ower or branch development.
What is the nature of the gor mutation?
Considering the opposite phenotype in the primary meristem of gor to those of the other stm alleles, the gor mutation may represent a hypermorphic allele that encodes a modifi ed form of the STM protein with enhanced activity. However, this is unlikely for at least three reasons. First, the gor allele is recessive to wild-type STM . We detected no visible phenotype in the heterozygous gor mutants or in wild-type plants transformed with the genomic fragment of STM that contains the gor mutation. In addition, the phenotype of the homozygous gor mutant is effectively rescued by the introduction of the wild-type STM genomic fragment. Secondly, the ectopic expression of the gor mutant cDNA under the 35S promoter does not cause any obvious phenotype in the cotyledons and leaves, in contrast to that of wild-type STM , which results in strong perturbation of the cotyledon and leaf development. These results indicate that the gor mutant gene lacks a function of the wild-type gene that inhibits leaf cell differentiation. Thirdly, the elevated expression of the wild-type STM gene in Pro35S::STM plants does not mimic the gor phenotype, suggesting that the enlarged shoot meristem observed in gor is not a simple manifestation of increased STM activity. These considerations strongly argue against the possibility that gor is a hypermorph that causes enhanced STM function and suggest that it is a hypomorphic (i.e. partial loss-of-function) allele.
The hypomorphic nature of gor is further supported by the gor pny double mutant phenotype. In contrast to wild-type STM , the gor allele is unable to promote meristem cell proliferation in the absence of a functional PNY gene. What is the molecular nature of the observed dependence of the gor mutant gene function on PNY ? Because the STM gor protein effi ciently interacts with PNY, we propose that the STM gor protein alone cannot associate with or has a reduction in DNA-binding affi nity for the target DNA sequences; however, heterodimerization of STM gor with PNY recruits this modifi ed KNOX protein to the target sites in the genome. This hypothesis is supported by sequence alignment and biochemical data, showing that KNOX and BELL proteins associate with similar DNA-binding sequences ( Krusell et al. 1997 , Smith and Hake 2003 , Hake et al. 2004 , Tioni et al. 2005 , Viola and Gonzalez 2006 , Bolduc and Hake 2009 , Viola and Gonzalez 2009 .
Signifi cance of the amino acid substitution in gor
It has been shown that the homeodomain of STM interacts directly with DNA Gonzalez 2006 , Viola and Gonzalez 2009 ) . The arginine residue mutated in gor corresponds to position 53 of the consensus homeodomain sequence and is one of the four amino acids (Trp48, Phe49, Asn51 and Arg53; WFxNxR) that are invariable in most homeodomain proteins ( Bürglin 1994 , Gehring et al. 1994 , Banerjee-Basu and Baxevanis 2001 . Arg53 makes direct hydrogen bonds with the phosphate backbone of the target DNA and is essential for effi cient DNA binding ( Gehring et al. 1994 , Chi 2005 . A number of mutations in this residue have been reported in non-plant species and they cause a severe reduction in their DNA binding activity in vitro ( Benassayag et al. 1997 , Kasahara and Benson 2004 ) , or strong loss-of-function mutant phenotypes ( Heberlein et al. 1994 ) . These results raise the possibility that the gor mutation affects the DNA-binding activity of the STM protein.
Although the WFxNxR sequence is highly conserved among the homeodomain proteins of Arabidopsis, a subset contain WFxNxK, identical to that of the STM gor protein ( Supplementary Table S1 ). Among these proteins, WUS has been shown to bind to DNA in vitro ( Lohmann et al. 2001 , Leibfried et al. 2005 , indicating that the conversion of Arg53 to lysine does not necessarily disrupt the interaction between the homeodomain and DNA. Therefore, it is possible that the STM gor protein still has the ability to bind to DNA, but either its affi nity or its specifi city for the target DNA may be altered, resulting in a selective change but not in a general reduction in downstream gene regulation.
The gor mutation disrupts shoot meristem homeostasis
The gor mutation causes disruption of shoot meristem homeostasis, as represented by the continuous enlargement of the primary meristem and the subsequent differentiation that leads to the simultaneous production of fl owers and branches. By modifying a property of the STM protein, the gor mutation may affect expression of a subset of the native target genes of the wild-type STM protein and thereby disrupt the meristem homeostasis. Another possibility, which is not mutually exclusive to the former, is that the gor mutation affects expression of genes that are not directly regulated by the wild-type protein by changing its binding specifi city. Further analysis of changes in target gene regulation in the gor mutant would help to dissect how STM regulates different aspects of shoot meristem function.
Materials and Methods
Plant materials and growth conditions
The A. thaliana accession Col was used as the wild-type strain. The gor mutant was isolated from an M 2 population of the zig-1 mutant ( Kato et al. 2002 ) that had been mutagenized with ethylmethanesulfonate. The zig-1 mutation was removed by backcrossing fi ve times to Col. Genotype determination for the gor allele was performed by using a cleaved amplifi ed polymorphic sequence (CAPS) marker. PCR was carried out using the pair of primers 5 ′ -ATGTAGCTGTGATCATGGACTGAC-3 ′ and 5 ′ -TATGTTCCAAGTATACCGAGAACC-3 ′ that yielded a 387 bp fragment. Restriction digestion with Mbo II specifi cally cuts the fragment derived from gor. ProCLV3::GUS ( Brand et al. 2002 ) was kindly provided by Rüdiger Simon. For constructing ProSTM::GUS , the 7.6 kb sequence immediately upstream from the start codon of STM [corresponding to nucleotides 35,721-28,120 of the bacterial artifi cial chromosome (BAC) F24O1], the GUS derived from pBI101 and the 0.8 kb STM sequence immediately downstream from the stop codon (corresponding to nucleotides 25,195-24,407 of BAC F24O1) were amplifi ed by using PCR and combined in pBIN50, a modifi ed binary vector derived from pBIN19 (H. Kato, unpublished) . The sequences at the 5 ′ and 3 ′ ends of the GUS gene were modifi ed (5 ′ -GAAAGAGACCATGGTACGTCCT-3 ′ and 5 ′ -AA ACAATGAATCTAGATGATCGATCC-3 ′ , respectively) to generate restriction sites required for cloning. Details for construction of this plasmid are available on request. The construct was transformed into the Agrobacterium tumefaciens strain GV3101::pMP90 and transformed into Col. The T 1 plants were selected for kanamycin resistance (30 µg ml − 1 ). To obtain stm-1C , the original stm-1 allele of the L er background ( Barton and Poethig 1993 ) , was backcrossed fi ve times to Col. The phenotype of stm-1C is weaker than that of the original stm-1 allele and is stronger than that of bum1-3 , as judged by its capacity for post-embryonic leaf production (data not shown). bum1-3 (Col), wus-1 (L er ) , clv3-2 (L er ) ( Clark et al. 1995 ) , pny-40126 (Col) ( Alonso et al. 2003 , Smith and Hake 2003 ) and ProLFY::GUS were obtained from the Arabidopsis Biological Resource Center (ABRC). For the analysis of the seedling phenotypes, seeds were surface sterilized and sown on MS plates as previously described ( Fukaki et al. 1996 ) . After incubation for at least 2 d at 4 ° C in the dark, plates were incubated in a growth chamber at 23 ° C under constant white light. Ten-to 13-day-old seedlings were then transferred onto soil and grown at 23 ° C under constant white light.
Complementation and phenocopy analysis
For the complementation analysis, the 8.1 kb STM genomic fragment corresponding to nucleotides 32,548-24,407 of BAC F24O1 was cloned into pBIN50. The construct was transformed into gor / + plants. The 8.1 kb STM genomic fragment containing the gor mutation was also cloned into pBIN50 and introduced into stm-1C / + plants. Details of plasmid construction are available on request.
Overexpression analysis
To construct Pro35S::STM wt , Pro35S::STM gor and Pro35S::STM stm-1 , the open reading frames of the corresponding cDNAs were amplifi ed with the primers 5 ′ -AAAAGCAGGATTGAT GGAGAGTGGTTCCAACAGCACTT-3 ′ and 5 ′ -AGAAAGCTGG GTAAAGCATGGTGGAGGAG-3 ′ , cloned into the pDONR221 vector using the Gateway BP Clonase enzyme mix (Invitrogen, Carlsbad, CA, USA), and then transferred to the pGWB2 vector ( Nakagawa et al. 2007 ) using LR Recombination Reactions (Invitrogen). Each construct was transformed into Col.
Microscopy
To visualize the seedling shoot apices, the plants were cleared as previously described ( Aida et al. 1997 ) or stained with aniline blue and cleared with chloral hydrate, as previously described ( Bougourd et al. 2000 ) . Specimens for scanning electron microscopy (SEM) were prepared as previously described ( Ishida et al. 2000 ) .
Area measurements in seedling shoot apices
For measuring the area of the shoot meristem and the fi rst leaf primordia, imbibed seeds were kept for at least 2 d at 4 ° C in the dark to facilitate synchronization of germination. Samples were collected and fi xed at 4 DAG, and then were subjected to aniline blue staining. Under our conditions, no signifi cant differences in root emergence, cotyledon expansion or hypocotyl elongation were observed between wild-type and gor mutant seedlings, suggesting that germination was effi ciently synchronized in both genotypes.
GUS staining
Plants were treated with 90 % acetone on ice for 15 min and rinsed with water. Detection of GUS activity was carried out as previously described ( Takada et al. 2001 ) at 37 ° C for 1 h. Stained seedlings were dehydrated in a graded ethanol series (30, 50, 70, 90 and 100 % ) for 15 min each to remove chlorophyll. Rehydration in a graded ethanol series (90, 70, 50 and 30 % ) was performed for 15 min each before clearing.
In situ hybridization
In situ hybridization was performed as previously described ( Takada et al. 2001 ) . Hybridization was performed at 45 ° C. The STM antisense probe was generated as previously reported ( Long et al. 1996 ) . To generate the WUS antisense probe, a fragment extending from the start codon to the Spe I site of the WUS cDNA was cloned into pBluescript KS. The plasmid was linearized with Xho I and transcribed using T7 RNA polymerase (Promega, Madison, WI, USA).
RNA isolation and qRT-PCR
Total RNA was isolated from plant tissues using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). First-strand cDNA was synthesized from 2 µg of total RNA with an oligo(dT) 24 primer and SuperScript II reverse transcriptase (Invitrogen). The transcript levels were quantifi ed by real-time PCR analysis using 1/60th of the resulting cDNA as a template. Amplifi cation of TUB4 was used as the internal standard ( Lorrain et al. 2004 ). Real-time PCR was performed with the LightCycler system (Roche Diagnostics, Basel, Switzerland) with SYBR Premix Ex Taq (TAKARA BIO INC., Shiga, Japan). The following primers were used for amplifi cation of the gene-specifi c region of each gene: STM , 5 ′ -CCTAAAGAAGCTCGTCAACAACT-3 ′ and 5 ′ -GGCGAGCTTTTGTTGCTC-3 ′ ; WUS , 5 ′ -GCGATGCTTATC TGGAACAT-3 ′ and 5 ′ -CTTCCAGATGGCACCACTAC-3 ′ ; CLV3 , 5 ′ -GTTCAAGGACTTTCCAACCGCAAGGTTA-3 ′ and 5 ′ -CCTT
